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Abstract. We study (anti)deuteron formation rates in heavy-ion collisions in
the framework of a wave-function based coalescence model. The main feature of
our model is that nucleons are emitted from the whole spherically symmetric
fireball volume, while antinucleons are emitted only from a spherical shell
close to the surface. In this way, the model accounts for nucleon-antinucleon
annihilations in the center of the reaction at lower beam energies. Comparison
with experimental data on the coalescence parameter in the range
√
sNN =
4.7− 200 GeV allows us to extract radii of the respective source geometries. Our
results are qualitatively supported by data from the UrQMD transport model
which shows a comparable trend in the geometric radii as a function of beam
energy. In line with our expectations, we find that at lower energies, the central
region of the fireball experiences stronger annihilation than at higher energies.
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Relativistic Heavy-ion Collision experiments such as
ALICE, PHENIX, and STAR, enable us to probe
nuclear matter under extreme conditions by colliding
heavy nuclei at high energies. Such extreme conditions,
i.e., high temperatures and/or high baryon densities,1
can mimic the conditions present in the early universe
or in neutron star mergers.2 The production of
light (anti)nuclei in these systems has been under
investigation from astrophysics to nuclear particle
physics in the last years.3–12 The abundance of
light (anti)nuclei could provide us with information
about why our universe consists of matter rather
than antimatter.13 In this work, we focus on the
formation of (anti)deuterons which is the simplest
nucleon-nucleon composite particle.
To understand and predict the formation rate
of light nuclei, a most rigorous description would
be based upon quantum chromodynamics (QCD),
which explains the dynamics of colour exchange
between individual quarks at a microscopic level.
Unfortunately, it is extremely difficult today to
describe such a dynamic system at strong coupling
by first principles.14–16 However, one can perform
effective microscopic calculations based on the sudden
approximation, perturbation theory, and transport
models to calculate the (anti)deuteron formation
rate.17–19 The two most popular models are the
thermal model20–22 which treats each (composite)
particle species as a unique degree of freedom in
a statistical Fermi/Bose gas approach, and the
coalescence model, i.e., formation from localized
(anti)nucleons in phase-space coordinates.23–26 They
provide fundamentally different interpretations of the
deuteron formation process.27
The simple momentum space coalescence model
states that once particles are carrying similar mo-
menta, they will coalesce and form into a new com-
posite particle, e.g., a deuteron from two nucleons.
This explanation has been successful for decades. How-
ever, deviations from this simple approach have been
reported in 1992, with the failure in the prediction
of the antideuteron production in Si-Au collisions at
AGS28 and have later led to the development of the
phase-space coalescence approach. The reason for the
failure to describe anti-deuterons was pinned down to
the fact that the deuteron and antideuteron formation
rates are sensitive to the source shape.29,30 In 1993,
Mrówczyński included the spatial geometry of the col-
lision fireball into the coalescence model.31 The main
assumption in his approach is that antinucleons are
emitted from the outer shell of the source due to a high
probability of nucleon-antinucleon annihilation in the
central baryon-rich region, while nucleons are emitted
from the entire volume. The model assumes a spheri-
cal symmetry and successfully describes experimental
data from Si+Au collisions at Elab = 14.6A GeV.
Nowadays, with more experimental data available
on deuteron and antideuteron formation rates at
different energies, we aim to improve Mrówczyński’s
coalescence model to extract the spatial geometries
of the nucleon and antinucleon source at each beam
energies from
√
sNN = 7.7 − 200 GeV. It would be
helpful to know how the source geometries behave as
a function of energy so that we could explain why and
how (anti)deuterons, and ultimately light (anti)nuclei,
are produced. Firstly, we apply Mrówczyński’s
coalescence model directly to the energy dependence of
(anti)nucleon source geometry calculations. Here, any
suppression in the nucleon source is neglected. Then in
a second method, we constrain the root-mean-squared
radius of the nucleon source via the number of charged
particles. With this second approach, both nucleon
and antinucleon sources face suppression at the central
core.
Recently, deuteron production from the coales-
cence model has been studied within the Ultra-
Relativistic Quantum Molecular Dynamics model
(UrQMD)32,33 (see also34 for previous RQMD stud-
ies). The UrQMD transport model35,36 is a micro-
scopic transport model based on the binary scatter-
ing of hadrons, resonance excitations, resonance de-
cays, and string dynamics, as well as strangeness ex-
change reactions.37 The deuteron rapidity and trans-
verse momentum distributions as well as the d/p and
d̄/p̄ ratios are in agreement with experimental data.38
In contrast, the model presented in this paper, based
on Mrówczyński’s coalescence model, assumes instan-
taneous emission. To further support our idea, we ap-
ply UrQMD to study how nucleons and antinucleons
freeze-out geometrically. The results are then com-
pared with the coalescence model.
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2. (Anti)Nucleon Source to (Anti)Deuteron
Formation Rate
Our study applies the Mrówczyński model to ex-
tract information about the spatial distribution of
(anti)deuterons from the experimental data. The
(anti)deuteron distributions and (anti)nucleon distri-
butions now depend on the adjustable emission-source
parameters which can be related to the initial condi-
tions. In this section, we will follow the description
from Kittiratpattana et al. (2020)39 and Mrówczyński
(1993).31
The main assumption is that antinucleons pro-
duced near the center of the interaction region of
the collision have a very high probability to experi-
ence secondary interactions and annihilate in the bary-
onic environment. On the other hand, the antinucle-
ons produced on the outer surface can survive and
leave the fireball to coalesce. Nucleons are freely
emitted from the whole source, i.e., fireball volume.
From these different shapes of anti-nucleon and nucleon
sources, we aim at explaining the differences between
their formation rates. The invariant cross section of













where B2 is the coalescence parameter which can
be measured in experiment. We hereby neglect n-
p correlations, as well as their mass difference, thus,
pp = pn = P/2. The coalescence parameter B2 is
linked to the spatial coalescence formation rate via
A ≡ mN2 B2, where mN = 0.94 MeV is the nucleon
mass. In the particle source rest frame, the deuteron
formation rate is A′ = γA with γ being the Lorentz






3r2D(r1)D(r2)|ψd(r1, r2)|2 . (2)
The source function D(r) describes the probability of
finding a nucleon at a given point r at kinetic freeze
out. ψd(r1, r2) denotes the deuteron wave function.
The absence of the time variable in this formula,
however, does not mean that we neglect dynamical
properties, but study a simultaneous emission.31
Following this ansatz, the nucleon emission source
is distributed over the whole fireball, while the
antinucleon source around the center of the fireball
is suppressed, leading to a surface type emission for
antinucleons. The nucleon source function D(r) is












with r0 representing the source radius which is
equivalent to the fireball radius. The antinucleon
































, for r∗ = r0.
(4)
Here, a second Gaussian of width r∗ cuts out
the central region defining the nucleon-antinucleon
annihilation volume where the emission of antinucleons
is strongly depleted.
The integral in (2) can be formulated using center-
of-mass coordinates P = p1 +p2, R =
1
2 (r1 + r2) and
relative coordinates q = 12 (p1 − p2), r = r1 − r2. The
deuteron wave function then reads
ψd(r1, r2) = e
iP·Rφd(r) , (5)









where α = 0.23 fm−1 and β = 1.61 fm−1.40 The






















































































Figure 1 shows the antideuteron formation rate
Ā(r0, r∗) according to (7) with various suppression
radii r∗. The deuteron formation rate is given by the
red solid line with r∗ = 0 fm. Note that the region
where the antideuteron formation Ā(r0, r∗) vanishes
is where the suppression radius becomes larger than
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r * = 0.0 fm
r * = 1.5 fm
r * = 3.0 fm
r * = 4.5 fm
r * = 6.0 fm
Figure 1. The antideuteron formation rate as a function of r0
with different values of r∗ starting from r∗ = 0 − 6 fm. The
smaller suppression radius r∗ gives the higher formation rate
Ā(r0, r∗) as the deuteron or antideuteron formation rate with r∗
sets an upper limit to the plot.39
the fireball radius, i.e., r∗ > r0, which contradicts our
physical interpretation of r0 and r∗.
To extract the (anti)nucleon source geometry, we
fit to experimental coalescence data B2 from low- to
mid-energy range experiments as shown in figure 2. We
use data from NA49(d) and STAR(d) for extracting
the nucleon source geometry, and from STAR(d̄) for
evaluating the antinucleon source geometry (r0, r∗).
First, the fireball radius r0 is extracted from B2
of NA49 and STAR(d) data since the antinucleon
source also shares the same fireball radius. Then, the
suppression radius r∗ is evaluated from B2 of STAR(d̄).
The energy-dependent (anti)nucleon source radii
are shown in figure 3. Both fireball size and
suppression region increase with energy until
√
sNN '
27 GeV and decrease for higher energies. This
could be understood by the change of the dominant
particle species in the central region of the fireball
at high energies. Since fewer primary scatterings
between antinucleons and nucleons occur, the nucleon-
antinucleon annihilation probability would become
smaller reflecting a smaller suppression radius in the
antinucleon source. Another interesting behaviour is
that both fireball and suppression radii seem to reach a
maximum at
√
sNN = 27 GeV. This could be a sign of a
change in the QCD equation of state or of a nutcracker
shell-like structure as pointed out by Shuryak.45 Such
considerations, however, are beyond the scope of this
paper.


























Figure 2. The energy dependence of coalescence parameter B2
of deuteron (d) and antideuteron (d̄) from several experiments
ranging from
√
sNN = 4.7− 200 GeV.41–44



















r *  - STAR(d)
Figure 3. The (anti)nucleon source geometry as a function
of energy. The black square solid-line and green star solid-
line represent the nucleon fireball radius r0 from NA49(d) and
STAR(d) respectively. The green star dashed-line shows the
antinucleon suppression radius r∗ from STAR(d̄).39
3. Charged Volume Constraint
The above results give rise to various questions. Is the
nucleon source at higher energies suppressed by pion
domination although the parametrization of the source
function of nucleons does not consider any suppression
like the antinucleon source? The suppression feature
in the nucleon source may be hidden and the extracted
fireball radius r0 might be a root-mean-squared radius,
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central (0 6%) Au+Au - PHENIX
Figure 4. The energy dependence of mid-rapidity
charged particle from PHENIX ranging from
√
sNN =
7.7, 11.5, 14.5, 19.6, 27, 39, 62.4, and, 200 GeV.47
RMS-radius, or 〈r2〉1/2, instead. Hence this might
underestimate the real geometries. Furthermore, the
fireball size should grow with the energy.46 One usually
assumes that the number of charged particles Nch
is related to the fireball volume Vch as dictated by
thermodynamics. Thus, the fireball volume should
always increase with the energy as does Nch. In this
paper, however, the fireball radius r0 is equivalent to
the nucleon source radius. So the decreasing of a
fireball r0 at high energies from figure 3 needs more
investigation.
For these reasons, we constrained our RMS-radius
using the number of charged particles at mid-rapidity
measured by PHENIX,47 see figure 4.
In this method, the RMS-radius growth will be
consistent with the charged fireball volume 〈r2〉1/2 =
const · N1/3ch . Furthermore, the fireball radius r0 and
the suppression radius r∗ now will independently grow
according to the RMS-radius. The RMS-radius for the















, for r0 6= r∗√
5
3r∗, for r0 = r∗ .
(11)
The formation rate Ā(r0, r∗) is fitted with the
measured coalescence parameter B2 from NA49 and
STAR experiment via A ≡ mN2 B2. Now the radius
of the (anti)nucleon source is the (r0, r∗) pair that
satisfies both 〈r2〉1/2 = const · N1/3ch and A ≡
mN
2 B2





































r2 @ 7.7 GeV
r2 @ 11.5 GeV
r2 @ 19.6 GeV
r2 @ 27 GeV
r2 @ 39 GeV
r2 @ 62.4 GeV
r2 @ 200 GeV
Figure 5. The (anti)deuteron formation rate A(r0, r∗) from
STAR(d) and STAR(d̄) and the RMS-radius of (anti)nucleon
source in the (r0, r∗) space from PHENIX. The solid-line
represents one satisfied the formation rate function. The dotted-
line is the (r0, r∗) satisfied the RMS-radius function.
provided by STAR(d), we can study the nucleon
source geometry from
√
sNN = 7.7 − 200 GeV. For
antinucleons, the energy provided by STAR(d̄) ranges
from
√
sNN = 11.5 − 200 GeV.44 Here, the constant
value for the proportionality between (anti)nucleon
RMS-radius 〈r2〉1/2 and cube root number of charges
particle N
1/3
ch is found to be 0.925.
The crossing points between formation rate A and
the RMS-radius 〈r2〉1/2 determine the (anti)nucleon
source geometries and are shown in figure 6. We
found that both nucleon and antinucleon sources grow
with the energy as we expect given the constraint.
Especially for
√
sNN ≥ 39 GeV, both nucleon and
antinucleon sources seem to be sharing the same
fireball radii as we speculated in the previous sections.
The increase of the suppression region r∗ agrees
with the previous result (figure 3) where it reaches
a maximum at
√
sNN = 27 GeV. Furthermore,
as the energy increases, both source radii rapidly
decrease. The reasoning for this is similar to our former
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r *  - Nucleon
r0 - Antinucleon
r *  - Antinucleon
Figure 6. The (anti)nucleon source geometry plot with
a function of energy
√
sNN . The solid-line and dashed-
line indicate the fireball radius r0 and suppression radius r∗
respectively. The black triangle symbol and blue square symbol
differentiate the source type between nucleon and antinucleon
source.
statement of the pion enhancement. At higher energy,
pion dominates the fireball and suppress nucleon-
antinucleon annihilation. However, the drop of r∗
to zero at
√
sNN = 200 GeV means that the pion
domination does not directly suppress the nucleon
source.
4. Freeze-out Geometries from UrQMD
The two previous geometries are in agreement with
the depleting suppression of antinucleon sources at
higher energies. However, we want to see how
exactly the pion enhancement affects both the nucleon
and antinucleon distribution at freeze-out at different
energies regardless of the coalescence parameter B2.
We use UrQMD to simulate Au+Au collisions at
0 − 10% centrality at √sNN = 7.7, 11.5, 14.5, 19.6,
27, 39, 62.4, and 200 GeV. The freeze-out coordinates
of nucleons and antinucleons can then be extracted
directly. The freeze-out geometries will be examined
in the transverse plane and the transverse radius rT






We show examples for the (anti)nucleon distributions
as a function of energy at
√
sNN = 11.5 and 200 GeV
in figure 7. They represent the low and high energy
behaviour of the (anti)nucleon distributions.
We directly extract the (anti)nucleon source
‡ We take the approximated cylindrical geometry into account.
Thus we divide by rT to regulate the distributions in the center-
of-mass frame



























sNN = 11.5 GeV



























sNN = 11.5 GeV
Figure 7. The transverse distribution of (anti)nucleons as a
function of energy at mid-rapidity Au+Au 0 − 10% collisions.
The solid-line shows the nucleon distributions and dashed-line
is for the antinucleons. The plots are normalized to the unity.39
geometry by fitting the source functions D(r) and
D̄(r) to these distributions. Note that for large
rT > 15 fm, the antinucleon’s tail lies below the
nucleon’s one which ensures proper normalization. At√
sNN = 11.5 GeV, figure 7(a), antinucleons are clearly
suppressed at the core of the fireball (rT < 5 fm).
Those which survive freeze out on a shell-like structure.
The nucleon distribution seems to be constant before
smearing out towards the surface. On the other hand,
at
√
sNN = 200 GeV, figure 7(b), we can clearly see
that both antinucleons and nucleons are showing a
suppression effect at the central region (almost the
same at rT ' 0 fm). This is in contradiction to
Apiwit Kittiratpattana 7
















0 10% centrality Au+Au collisions
r0 - Nucleons
r0 - Antinucleons
r *  - Antinucleons
Figure 8. The (anti)nucleon source geometry at central (0 −
10%) Au+Au collisions (UrQMD) as a function of center-of-
mass energy from
√
sNN = 7.7 − 200 GeV. The black square
symbol represents the nucleon source. The red cycle symbol
represents the antinucleon source. The fireball radius r0 and
suppression radius r∗ are indicated by a solid-line and a dashed-
line respectively.39
the result from the charged volume constraint method
where the suppression region vanishes, i.e., r∗ ' 0 fm,
at 200 GeV for both species.
The result, shown in the figure 8, supports the
idea of (anti)nucleon suppression at higher energy.
The increase of the fireball volume from UrQMD also
agrees with the increase of the charged volume from
thermodynamics. Furthermore, the suppression radius
r∗ of the antinucleon source decreases at higher energy
as expected. Compared to the coalescence model and
charged volume constraint methods, the UrQMD result
does not give any maximum below
√
sNN = 200 GeV.
Also, the (anti)nucleon fireballs predicted by UrQMD
are larger than resulted from the other methods, i.e.,
7 ≤ r0 ≤ 12 fm. To compare results from all three
methods, we look at the relative difference of the
geometries.
The r∗/r0 ratio shows a common trend shared by
the three methods (see figure 9). At the lowest energy,
we expect the ratio to be 1, since there is no pion
dominance. Antinucleons should be suppressed the
most. The UrQMD model (red circle symbol) gives us a
satisfying result where r∗/r0 becomes 1 at low energy.
However, as we need more experimental data at this
low energy, we cannot predict this expectation to the
other method. At higher energies, the suppression
region shrinks as pions get more abundant. The
ratio at this energy range should drop rapidly to
zero since there is no suppression caused by any
nucleon-antinucleon annihilation. In this case, the













Figure 9. The r∗/r0 ratio of antinucleon source from
coalescence model (green star symbol), charged volume constrain
(blue square symbol), and UrQMD simulation (red circle
symbol).
charged volume RMS-radius constraint method (blue
square symbol) fits the expectation very well. The
spatial coalescence model (green star symbol) presents
a behaviour of maximum suppression r∗ at
√
sNN =
27 GeV similar to the RMS-radius method.
5. Conclusion
We applied the spatial coalescence model to study and
extract the energy dependence of the (anti)nucleon
source geometry, i.e., the fireball radius r0 and
suppression radius r∗ by fits to the measured
coalescence parameter B2 from NA49 and STAR
experiments. We found that both, the nucleon and
antinucleon source radii r0, as well as antinucleon
source suppression radius r∗, grow along with the
beam energy until
√
sNN = 27 GeV before decreasing
at higher energies where the fireball becomes pion
dominated. Hence nucleon-antinucleon becomes less
important for the source geometry. However, this
method did allow to understand how the nucleon
source is affected by the pion domination because the
suppression term of the nucleon source function could
not be taken into account. Also, the decreasing nucleon
fireball volume r30 does not agree with the fireball
volume expected from the number of charged particles.
Thus, we supplemented our model to include the
volume effect for nucleons based on the charged particle
yield via the RMS-radius of the source. We evaluated
the antinucleon and nucleon source geometry (r0, r∗)
pair by solving two equations simultaneously, i.e., the
formation rate as a function of coalescence parameter
A(r0, r∗) = mN2 B2, and the RMS-radius as a function
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of the number of charged particles 〈r2〉1/2ch = 0.925 ·
N
1/3
ch . In this method, both nucleon and antinucleon
sources are independent of each other. This allowed us
to observe how the nucleon source geometry is affected
by the volume via the charged particle yield. The
result showed that, at higher energies, the suppression
region r∗ inside the nucleon source also decreases until
it vanishes to zero, which means that a nucleon and
anti-nucleons source become similar and a gain of a
pure Gaussian form.
Finally, we employed UrQMD to further confirm
the freeze-out behaviour of nucleons and antinucleons
in the transverse plane. The results show that
both nucleon and antinucleon fireball radii increase
monotonously, i.e., there is no peak at any energy.
At lower energy, antinucleons suffer from the nucleon-
antinucleon annihilation reflecting the deep valley
near the center of the source. On the other hand,
at higher energies, both nucleons and antinucleons
behave similarly. In the case of antinucleons, the
central suppression becomes smaller and similar to
the nucleons, because now the dynamics is dominated
by pions which suppress the freeze-out of deuterons
and antideuterons equally. Quantitatively, this seems
to be in contradiction to the result of charged
constraint method where nucleon suppression vanishes
(i.e. r∗ ' 0 fm for high energies). However
qualitatively the results are comparable because the
effective suppression as measured by the valley to peak
ratio of the emission function in figure 7 drops from
0.03/0.14 ≈ 0.2 to 0.05/0.08 = 0.6 indicating that the
source becomes flatter in rT .
Ultimately, all the methods support the interpre-
tation of the antinucleon and nucleons source geometry
being driven by NN̄ -absorption effects at low energies
and by pions at high energies. We also found a peculiar
critical behaviour of the suppression radius r∗ around√
sNN ≈ 20 GeV, which seems to hint at a longer life-
time of the system leading to stronger suppression of
the anti-nucleons source.
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